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ABSTRACT
We quantify the impact that a variety of galactic and environmental properties have on the
quenching of star formation. We collate a sample of ∼400 000 central and ∼100 000 satellite
galaxies from the Sloan Digital Sky Survey Data Release 7 (SDSS DR7). Specifically, we
consider central velocity dispersion (σ c), stellar, halo, bulge and disc mass, local density,
bulge-to-total ratio, groupcentric distance and galaxy–halo mass ratio. We develop and apply
a new statistical technique to quantify the impact on the quenched fraction (fQuench) of varying
one parameter, while keeping the remaining parameters fixed. For centrals, we find that the
fQuench–σ c relationship is tighter and steeper than for any other variable considered. We compare
to the Illustris hydrodynamical simulation and the Munich semi-analytic model (L-Galaxies),
finding that our results for centrals are qualitatively consistent with their predictions for
quenching via radio-mode AGN feedback, hinting at the viability of this process in explaining
our observational trends. However, we also find evidence that quenching in L-Galaxies is
too efficient and quenching in Illustris is not efficient enough, compared to observations. For
satellites, we find strong evidence that environment affects their quenched fraction at fixed
central velocity dispersion, particularly at lower masses. At higher masses, satellites behave
identically to centrals in their quenching. Of the environmental parameters considered, local
density affects the quenched fraction of satellites the most at fixed central velocity dispersion.
Key words: galaxies: evolution – galaxies: formation – galaxies: kinematics and dynamics –
galaxies: star formation – galaxies: structure.
1 IN T RO D U C T I O N
Understanding why galaxies stop forming stars is an important unre-
solved question in the field of galaxy formation and evolution. Only
∼10 per cent of baryons reside within galaxies (e.g. Fukugita &
Peebles 2004; Shull, Smith & Danforth 2012), yet since galaxies
 E-mail: asa.bluck@phys.ethz.ch.
lie at nodes in the cosmic web corresponding to local minima in the
gravitational potential, naively one would expect far more baryons
to collate in galaxies, ultimately forming more stars. Theoretical
models offer a wide range of solutions to this problem, relying
on the physics of gas, stars, and black hole accretion discs as so
called ‘baryonic feedback’ (e.g. Cole et al. 2000; Bower et al. 2006;
Croton et al. 2006; Bower, McCarthy & Benson 2008; Somerville
et al. 2008; Guo et al. 2011; Vogelsberger et al. 2014a,b; Henriques
et al. 2015; Schaye et al. 2015; Somerville & Dave 2015). However,
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observational studies are required to test these models and provide
evidence for their range and applicability.
Observationally, the fraction of quenched (passive/non-star form-
ing) galaxies in a given population has been shown to have a strong
dependence on galaxy stellar mass (e.g. Baldry et al. 2006; Peng
et al. 2010, 2012) and galaxy structure, e.g. bulge-to-total light/mass
ratio, B/T, or Se´rsic index, nS (e.g. Driver et al. 2006; Cameron
et al. 2009; Cameron & Driver 2009; Wuyts et al. 2011; Mendel
et al. 2013; Bluck et al. 2014; Lang et al. 2014; Omand, Balogh &
Poggianti 2014). Additionally, the quenched fraction depends on
environment, particularly the surface density of galaxies in a given
region of space, the halo mass of the group or cluster, and the dis-
tance a galaxy resides at from the centre of its group (e.g. Balogh
et al. 2004; van den Bosch et al. 2007, 2008; Peng et al. 2012; Woo
et al. 2013; Bluck et al. 2014).
It has become evident that understanding quenching processes
in galaxies requires separate consideration of central and satellite
galaxies, since the mechanisms for quenching star formation in
these systems most likely differ (e.g. Peng et al. 2012; Woo et al.
2013; Bluck et al. 2014; Knobel et al. 2015). Central galaxies are
most commonly defined as the most massive galaxy in their group
or cluster, with satellites being any other group member (e.g. Yang
et al. 2007; Yang, Mo & van den Bosch 2009). The dominant galaxy
in any given dark matter halo is taken to be the central, so isolated
galaxies are considered to be the central galaxy of their group of
one. Observationally, satellites in general depend on both intrinsic
and environmental parameters for their quenching, whereas centrals
depend primarily only on intrinsic properties (e.g. Peng et al. 2012).
In many simulations and models, the quenching of central galaxies is
governed primarily by AGN feedback and the quenching of satellite
galaxies is governed primarily by environmental processes, such as,
e.g. strangulation or stripping (e.g. Guo et al. 2011; Vogelsberger
et al. 2014a,b; Henriques et al. 2015; Peng, Maiolino & Cochrane
2015; Schaye et al. 2015; Somerville & Dave 2015).
More recent work has linked the quenched (or red) fraction of
large populations of galaxies to the central density within 1 kpc
(Cheung et al. 2012, Fang et al. 2013, Woo et al. 2015), the central
velocity dispersion (Wake, van Dokkum & Franx 2012), and to the
mass of the galactic bulge (Bluck et al. 2014, Lang et al. 2014,
Omand et al. 2014). An artificial neural network (ANN) analysis
performed by Teimoorinia, Bluck & Ellison (2016) established that
for central galaxies the most accurate predictions for whether a
galaxy will be star forming or not are given by central velocity dis-
persion, which outperforms all other variables considered, including
bulge mass, stellar mass and halo mass. All of these inner-region
galaxy properties are expected to correlate strongly with the mass
of the central black hole (e.g. Magorrian et al. 1998; Ferrarese &
Merritt 2000; Gebhardt et al. 2000; Haring & Rix 2004, Mc-
Connell et al. 2011; McConnell & Ma 2013; Saglia et al. 2016) and
hence may provide qualitative support for the AGN feedback-driven
quenching paradigm. However, it is certainly conceivable that other
quenching processes could give rise to these trends without AGN
feedback.
Since the idea that most galaxies contain a supermassive black
hole was first suggested (e.g. Kormendy & Richstone 1995), the
energy released from forming these objects has become a pop-
ular mechanism for regulating gas flows and star formation in
simulations, particularly for massive galaxies (e.g. Bower et al.
2006, 2008; Croton et al. 2006; Somerville et al. 2008; Guo et al.
2011; Vogelsberger et al. 2014a,b; Henriques et al. 2015; Schaye
et al. 2015). In fact, substantial feedback from accretion around
supermassive black holes is required in cosmological semi-analytic
models (SAM), semi-empirical models, and hydrodynamical simu-
lations to achieve the steep slope of the high-mass end of the galaxy
stellar mass function (e.g. Vogelsberger et al. 2014a,b; Henriques
et al. 2015; Schaye et al. 2015). Observationally, direct measure-
ments of AGN-driven winds in galaxies and radio jet induced bub-
bles in galaxy haloes have provided evidence for the mechanisms
by which AGN feedback can affect galaxies, but typically only for a
very small number of galaxies (e.g. McNamara et al. 2000; McNa-
mara & Nulsen 2007; Nulsen et al. 2005; Dunn et al. 2010; Fabian
2012; Liu et al. 2013; Cicone et al. 2014; Harrison et al. 2014, 2016).
Hence, whether or not AGN feedback actually quenches galaxies
in statistically significant numbers remains an open question.
Alternatives to AGN feedback-driven quenching of central galax-
ies do exist in the theoretical literature, and there is some observa-
tional support for these as well. Virial shock heating of gas in haloes
above some critical dark matter halo mass (Mcrit ≥ 1012 M) can
lead to a stifling of gas supply and hence an eventual shutting off
of star formation in galaxies (e.g. Dekel & Birnboim 2006; Dekel
et al. 2009; Dekel & Burkert 2014). Recent observations suggest
that halo mass is more constraining of the quenched fraction of cen-
trals than stellar mass, qualitatively in line with this view (e.g. Woo
et al. 2013). However, the stronger dependence of central galaxy
quenching on bulge mass and central density (e.g. Bluck et al. 2014,
Woo et al. 2015) imply that this cannot be the sole, or dominant,
route to quenching centrals. Further to this, elevated gas depletion
and supernovae feedback in galaxy mergers, and the growth of the
central potential and its stabilizing influence on giant molecular
cloud collapse, have both been evoked as potential alternatives to
the more commonly utilized AGN feedback (e.g. Martig et al. 2009;
Darg et al. 2010; Moreno et al. 2013). To fully distinguish between
these various processes, careful comparison of observational data
to simulations and models must be made.
Satellites are potentially subject to a wide range of additional
physical processes for quenching than centrals, resulting from their
relative motion across the hot gas halo, and their increased group
potential, and galaxy–galaxy, tidal interactions. Processes such as
ram pressure stripping, harassment, strangulation from removal of
the satellites’ hot gas halo, and pre-processing in groups prior to
the cluster environment can all lead to a removal of gas or gas
supply and hence a reduction and eventual cessation of star forma-
tion (e.g. Balogh et al. 2004; Cortese et al. 2006; Font et al. 2008;
Tasca et al. 2009; Peng et al. 2012; Hirschmann et al. 2013; Wet-
zel et al. 2013). Additionally, if a central galaxy enters a group or
cluster environment for the first time, transitioning to becoming a
satellite, it will no longer reside at a local gravitational minimum
in the cosmic web. Thus, cold gas streams will no longer feed the
new satellite galaxy and hence this will also contribute to its star
formation quenching (e.g. Guo et al. 2011; Henriques et al. 2015).
It is important to stress that all of these environmentally depen-
dent quenching processes work in addition to the mass-correlating
quenching associated with centrals, and thus that we might expect
to see evidence for two distinct regimes in satellite quenching, one
where environment dominates and one where internal properties
dominate.
In Bluck et al. (2014), we conclude that ‘bulge mass is king’
in the sense that bulge mass is a tighter and steeper correlator to
the quenched fraction for centrals than stellar mass, halo mass,
disc mass, local galaxy density, and galactic structure (B/T). For a
smaller list of variables (not including bulge or halo mass), Wake
et al. (2012) established that central velocity dispersion outper-
forms stellar mass, morphology and environment in constraining
the quenching of a general population of local galaxies. Recently,
MNRAS 462, 2559–2586 (2016)
 at California Institute of Technology on O
ctober 27, 2016
http://m
nras.oxfordjournals.org/
D
ow
nloaded from
 
Quenching of centrals and satellites 2561
Teimoorinia et al. (2016) found strong evidence from an ANN
technique that central velocity dispersion is the best single variable
for parametrizing the quenching of centrals, improving upon even
bulge mass. Additionally, Cheung et al. (2012), Fang et al. (2013)
and Woo et al. (2015) find strong evidence for the central stellar
mass density within 1 kpc being a particularly tight correlator to
the quenched fraction. This quantity is also demonstrated to scale
tightly with both bulge mass and central velocity dispersion. Taken
together, it is clear that a high central mass concentration and hence
central velocity dispersion is a prerequisite for quenching central
galaxies.
The primary motivation for this paper is to expand on the work of
Wake et al. (2012), Bluck et al. (2014) and Teimoorinia et al. (2016)
by investigating the impact on the quenched fraction of central and
satellites galaxies from varying galaxy and environmental proper-
ties at fixed central velocity dispersion. For centrals, this allows us
to look for additional dependences of quenching, whilst controlling
for the parameter which matters most statistically. For satellites, fix-
ing the central velocity dispersion allows us to effectively control for
the most important intrinsic parameter before studying the impact
of environment on these systems. We then compare these results to
a cosmological hydrodynamical simulation (Illustris, Vogelsberger
et al. 2014a,b) and a SAM (the Munich model of galaxy formation:
L-Galaxies; Henriques et al. 2015), to gain insight into the possible
physical processes responsible for our observed results.
The paper is structured as follows. We give a review of our data
sources and measurements in Section 2, and define our quenched
fraction method in Section 3. In Section 4, we give a brief overview
of our results. Section 5 presents our results for central galaxies,
including a new method for ascertaining the statistical influence on
the quenched fraction of varying a given galaxy property at fixed
other galaxy properties. We discuss the possible interpretations of
our results for centrals in Section 6, and make a detailed comparison
to a cosmological simulation and a SAM. In Section 7, we present
our results for satellites and compare them to the centrals. We
conclude in Section 8. We also include two appendices, the first
giving an example of our area statistics approach (Appendix A) and
the second showing the stability of our results to different scaling
laws (Appendix B). Throughout the paper, we assume a  cold dark
matter cosmology with H0 = 70 km s−1 Mpc−1, m = 0.3,  =
0.7, and adopt AB magnitude units.
2 DATA OV E RV I E W A N D PA R A M E T E R
MEASUREM ENTS
We use the Sloan Digital Sky Survey Data Release 7 (SDSS DR7;
Abazajian et al. 2009) spectroscopic sample as our data source.
From this, we collate a sample of 538 046 galaxies (423 480 centrals
and 114 566 satellites) with 8 < log(M∗/ M) < 12 at z < 0.2. In
this paper, we investigate the star-forming properties of central and
satellite galaxies, as a function of various galaxy and environmental
properties. The essential details of these parameters are outlined in
this section (but see Bluck et al. 2014 for a more detailed account).
Star formation rates (SFRs) are calculated from extinction cor-
rected emission lines (H α, H β, [N II], [O III]) for non-AGN star-
forming galaxies and from the strength of the 4000 Å break for non-
emission line galaxies and AGN (Brinchmann et al. 2004). To use
the emission line method, the strength of each of the BPT (Baldwin,
Phillips & Terlevich 1981) lines must have an S/N > 3 and addi-
tionally galaxies must not be identified as AGN via the Kauffmann
et al. (2003) line ratio cut. A fibre correction is applied based on
galaxy colour and magnitude outside the aperture. This is the same
sample of SFRs used in many recent quenching papers (e.g. Woo
et al. 2013; Bluck et al. 2014; Woo et al. 2015; Teimoorinia et al.
2016). All of the results and conclusions of this work are recovered
qualitatively even if we use photometric SFRs from spectral energy
distribution (SED) fitting, or construct the analogous red fraction
instead of the quenched fraction from SFRs. This implies that the
aperture corrections are not unduly biasing our results on quenching
for centrals and satellites, since the photometric techniques do not
depend on them.
The stellar masses for the galaxies, and their component discs
and spheroids, are derived in Mendel et al. (2014), based on SED
fitting to a dual Se´rsic fit of the ugriz wavebands (Simard et al.
2011). An ns = 4 bulge and ns = 1 disc model is used, and we
test the reliability of this approach in Mendel et al. (2014) and
Bluck et al. (2014) via model data. We define the galaxy structure
(or morphology) to be the bulge-to-total stellar mass ratio: B/T =
Mbulge/M∗, where M∗ is the total stellar mass of the galaxy (defined
as M∗ = Mbulge + Mdisc). Similarly, disc-to-total stellar mass ratio
is defined as D/T = 1 − B/T = Mdisc/M∗.
Velocity dispersions are derived from broadened template fits to
the widths of absorption lines taken from Bernardi et al. (2003)
with an updated method implemented as in Bernardi et al. (2007)
to the later data releases. We use the Princeton velocity dispersion
measurements as opposed to the SDSS pipeline (e.g. Bolton et al.
2012) because the latter restricts the sample to early-type spec-
tra and the former does not. Velocity dispersions from absorption
lines with an S/N < 3.5 are discarded from our sample, and those
with σ < 70 km s−1 are removed from most analyses, due to the
instrumental resolution of the SDSS spectra. We also restrict our
final sample to galaxies with an error on the velocity dispersion of
σ err < 35 km s−1. ∼80 per cent of our parent sample pass these data
quality cuts. To avoid biasing the sample by removal of galaxies
without substantial bulge components, we allow the low-velocity
dispersions to re-enter some of our analyses as ‘low’ values, where
we incorporate only the minimal information that there is a low-
velocity dispersion and do not utilize their specific values for any
purpose. For these analyses, we set all velocity dispersions less than
70 km s−1 equal to 50 km s−1, allowing us to retain the information
that they are low without inferring anything about their specific
values.
For the measured velocity dispersions, we first make an aper-
ture correction, so that all measurements are made at the same
effective aperture. We use the formula in Jorgensen, Franx & Kjaer-
gaard (1995), specifically calculating the centralized velocity dis-
persion as
σc ≡ σRe/8 =
(Re/8
Rap
)−0.04
σap, (1)
where σ ap is the velocity dispersion measured within the aperture,
Rap is the aperture radius, and Re is the effective radius of the bulge
or spheroid (taken from the morphological catalogues of Simard
et al. 2011). The factor of 1/8 is chosen to be in line with the
measurements made in the literature. We note that the aperture
correction only affects the final estimate of the central velocity
dispersion by typically <10 per cent.
To combat the effect of kinematic contamination on velocity
dispersion measurements from disc rotation into the plane of the
sky, we restrict all late-type galaxies (LTGs, B/T ≤ 0.5) to be
face-on (b/a > 0.9) for the remainder of the paper (although see
Appendix B where we relax this criterion). However, this introduces
a bias whereby there are far fewer LTGs in our sample relative to
early-type galaxies (ETGs, B/T > 0.5), which will affect the ratio
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of star forming to passive systems. To counter this, we weight each
galaxy by the inverse of the probability of its inclusion in the sample.
Specifically, we calculate a weight:
wi = 11 − frem(B/T )i , (2)
where frem is the fraction of galaxies removed due to our axis ratio cut
at the B/T value of each galaxy. For LTGs this varies as a function
of morphology, but for ETGs it is equal to one due to the fact that we
do not cull ETGs from our sample. This weight is then multiplied
by 1/Vmax and used as a new weight for computing each statistic in
our analysis, e.g. for the quenched fractions (see Section 3). None
of our results or conclusions are strongly affected by restricting to
face-on LTGs and weighting (see Appendix B). However, we use
this technique as a conservative approach for incorporating velocity
dispersions into our analysis, and using these to estimate black hole
masses for disc-dominated galaxies, when comparing to models
in Section 6. The mean bulge fraction in the fibre for ETGs is
〈(B/T)fib〉 ∼ 0.9, indicating that no restriction in their orientation
is needed to first order, which also aids our analysis by leaving a
substantial number of galaxies to perform our statistics on.
We consider several measurements of environment in this paper,
including halo mass, group/clustercentric distance, satellite–halo
mass ratio and local (over) density. The halo masses are derived from
an abundance matching technique applied to the total stellar mass of
the group or cluster (from Yang et al. 2007, 2009; Yang, Mo & van
den Bosch 2008). Testing of the group finding algorithm on model
galaxies from the Millennium Simulation (Springel et al. 2005)
showed that over 90 per cent of galaxies are correctly assigned to
groups at Mhalo > 1012 M. Using these group catalogues, centrals
are defined as the most massive galaxy in the group, with satellites
being any other group member. The projected distance of each
satellite to its central galaxy, in units of the virial radius, is used as
another environmental metric in this work (defined as Dcc = R/Rvir).
Where R is the projected distance to the central, and Rvir is the virial
radius. We define the mass ratio:
μ∗ = M∗,sat
Mhalo
(3)
which indicates the relative mass of the satellite to the halo, and
hence is a measure of how major or minor a component of the group
or cluster the satellite is. We also use measurements of the normal-
ized surface galaxy density (based on measurements in Baldry et al.
2006). Overdensities are computed as
δn = 	n〈	n(±δz)〉 , (4)
where
	n = n
πr2p,m
, (5)
where rp,n is the projected distance to the nth nearest neighbour, and
〈	n(±δz)〉 is the mean value of the density parameter at each 0.01
redshift slice, which normalizes the density parameter accounting
for the flux limit of the SDSS.
Full details on the observational data and measurements used
in this paper are given in the prior works of this series, Bluck
et al. (2014) and Teimoorinia et al. (2016). In addition to the
SDSS observations, we also compare to the Illustris simulation
(Vogelsberger et al. 2014a,b) and to the latest version of the Mu-
nich model of galaxy formation (L-Galaxies; Henriques et al.
2015). We select the output galaxy catalogues at z = 0.1 (equiv-
alent to the median redshift in our observations) and take all
measurements (e.g. stellar, halo and black hole mass and SFR)
from these public catalogues. More details on the simulations are
provided in Section 6.1.
3 D E F I N I N G T H E QU E N C H E D F R AC T I O N
We follow the prescription for defining the quenched (or passive)
fraction in Bluck et al. (2014) and Teimoorinia et al. (2016). A
galaxy is defined to be passive if it is forming stars at a rate at
least a factor of 10 times lower than (emission line, non-AGN) star-
forming galaxies, matched at the same stellar mass and redshift. We
start by defining the main sequence as the SFR−M∗ relation for star-
forming galaxies. Star-forming galaxies are defined observationally
as emission line galaxies (with S/N > 5), which are furthermore
not identified as AGN by the Kauffmann et al. (2003) line cut on
the Baldwin et al. (1981, BPT) emission line diagnostic plot. This
relationship is shown for our sample in fig. 5 of Bluck et al. (2014).
We then determine the logarithmic distance each galaxy in the SDSS
resides at from the star-forming main sequence, computing:
SFR = log
(
SFR(M∗, z)
median(SFRSF(M∗ ± δM∗, z ± δz)
)
, (6)
where SFRSF indicates the star formation rate of main-sequence
star-forming galaxies matched by stellar mass and redshift for each
galaxy in the full SDSS sample. Matching thresholds are set to 0.1
dex for stellar mass and 0.005 for redshift. Typically >200 star-
forming ‘controls’ are found for each galaxy, and only a few per
cent require a broadening of these thresholds to find at least 10
matches. The star-forming main sequence and the distribution in
the SFR statistic are shown in Fig. 1.
A threshold of SFR < −1 cleanly divides the star forming
and passive peak (see Fig. 1, right-hand panel). Furthermore, we
emphasize here that our results are not sensitive to the exact location
of the cut. Varying the SFR threshold anywhere throughout the
green valley region (−1.2 < SFR < −0.6, indicated in green in
Fig. 1 right-hand panel) leads to almost identical results, and no
change in the conclusions of this work.
The quenched fraction is then defined as the ratio of quenched-
to-total galaxies in each binning of galaxy or environmental param-
eters. We correct for the flux limits of the SDSS by weighting each
galaxy in the quenched fraction by the inverse of the volume over
which its ugriz magnitudes would pass all of the selection criteria
(1/Vmax), which varies as a function of stellar mass and colour (see
Mendel et al. 2014). Specifically we calculate
fQuench,j =
∑
i
(
(wi/Vmax,i)[SFR < −1]
(wi/Vmax,i)[ALL]
)
, (7)
where wi is the weighting from the inclination cut, given by
equation (2). The errors on the quenched fraction are computed
in this work via the jack-knife technique, as in Bluck et al. (2014),
which we find to give comparable results to a full Monte Carlo im-
plementation taking into account the errors on all galaxy properties.
In general, both of these more sophisticated techniques lead to a
larger total error on average than in the simple Poisson statistics
case. See Bluck et al. (2014, sections 2 & 3) for full details on these
data and techniques.
For comparison to simulations and models later in the paper, we
define a simplified version of our quenched fraction criterion. In
general, the models do not have reliable enough information on
emission lines to construct the main sequence identically to how we
proceed with the observational data (outlined above). Thus, we must
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Figure 1. Left-hand panel: the star-forming main sequence for SDSS galaxies at z < 0.2. The green line traces the median SFR relation with stellar mass.
The blue dashed line indicates a least squares linear fit to the median relation at M∗ < 1010 M, which approximates the star-forming main sequence (with
the average relationship for the redshift range given by: log(SFR[ M yr−1]) = (0.73 ± 0.05) × log(M∗[ M]) − (7.3 ± 0.3)). The red dashed line shows a
schematic rendering of our quenched fraction cut, at an order of magnitude below the main-sequence relation. Right-hand panel: distribution of SFR, which
is the logarithmic distance from the star-forming main sequence, defined as a function of stellar mass and redshift. Here, the main sequence is more precisely
defined via star-forming emission line galaxies only, which are not AGN, as in Bluck et al. (2014). We define quenched galaxies to have SFR < −1, which
separates the two peaks effectively. We also consider for some analyses the green valley region, where −1.2 < SFR < −0.6. The shaded regions indicate
star forming (blue), green valley (green) and quenched, or passive, galaxies (red).
construct an alternative method. It is common in the literature for
such comparisons to be made at fixed sSFR (=SFR/M∗). However,
given that the normalization of the main sequence varies from model
to model, this is not an ideal way to define the main sequence and
hence quenched fraction, and can lead to systematic error in the
quenched fraction dependence on galaxy properties.
In Fig. 1 (left-hand panel), we show the median relationship of
SFR with stellar mass (green line), and note that this is very close to
a straight line at M∗ < 1010 M. As such, we construct a linear fit to
the median main-sequence relation at low masses (shown as a blue
dashed line). This method relies on the fact that the median galaxy
at low masses resides on the star-forming main sequence, which
is reasonable. The linear fit goes cleanly through the centre of the
density contours of the star-forming main sequence, indicating that
it is indeed a successful approach for defining the main sequence, in
lieu of more sophisticated emission line diagnostics. We then define
galaxies to be quenched exactly as before, i.e. if they lie one order
of magnitude or greater below the main sequence (SFR < −1,
indicated by a red dashed line in Fig. 1 left-hand panel). All of
our observational results are identical if we use either method to
define quenched galaxies, once care is taken to perform this at
each redshift slice separately. Thus, the rendering in Fig. 1 shows a
schematic only of the method. We use this simplified approach for
the simulated and model data (which are taken at a fixed redshift
slice), avoiding complicated issues of emission line diagnostics in
the models.
4 R ESU LTS OV ERVIEW
Recent observations have established that the quenched (or red)
fraction of central galaxies is most tightly correlated with the inner
regions of these galaxies, e.g. surface mass density within 1 kpc,
bulge mass or central velocity dispersion (Cheung et al. 2012; Wake
et al. 2012; Fang et al. 2013; Bluck et al. 2014; Lang et al. 2014;
Omand et al. 2014; Woo et al. 2015). Teimoorinia et al. (2016) found
strong evidence from an ANN analysis that central velocity disper-
sion is the most predictive, and hence most tightly constraining,
observable for central galaxy quenching out of the following list of
variables: stellar, halo, bulge and disc mass; local galaxy density
and galactic structure (B/T). Moreover, central velocity dispersion
is found to be tightly correlated with surface mass density within
1 kpc. In this work, we concentrate on central velocity dispersion
because it is more responsive to differences in the structural prop-
erties of host galaxies and furthermore has better calibrated em-
pirical relationships with dynamically measured black hole mass
(e.g. Saglia et al. 2016). Throughout the results sections we explore
the quenched fraction dependence on various galaxy and environ-
mental parameters, at a fixed central velocity dispersion, for cen-
tral and satellite galaxies. The aim of this approach is to establish
to what extent other parameters affect central and satellite galaxy
quenching, in what manner (i.e. do they lead to positive or negative
correlations at fixed σ c?), and ultimately compare the observational
results to predictions from contemporary simulations and models
(in Section 6).
4.1 Comparison of the quenched fractions of central and
satellite galaxies at fixed central velocity dispersion
In Fig. 2, we show the quenched fraction relationship with central
velocity dispersion, for central, satellite and inner satellite galaxies.
Centrals are defined as the most massive galaxy in the group, ac-
cording to the SDSS group catalogues of Yang et al. (2007, 2009).
Satellites are any other group members, with inner satellites being
satellites found within 0.1 virial radii (projected). This plot may
be compared to the differences between central and satellite galax-
ies at fixed M∗, B/T and Mhalo shown in Bluck et al. (2014). The
grey region indicates σ c < 70 km s−1, which is approximately the
instrumental resolution of the SDSS spectrograph. It is clear that
there is a strong dependence of central galaxy quenching on central
velocity dispersion, with a progressively weaker dependence for
satellites and inner satellites. At a fixed σ c, satellites are in general
more frequently passive than centrals, and inner satellites are more
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Figure 2. The quenched fraction – central velocity dispersion relation-
ship for central, satellite, and inner-satellite galaxies. The 1σ error on the
quenched fraction is computed via the jack-knife technique in each binning,
and shown as the shaded region for each subsample. Central galaxies are
taken to be the most massive members of their groups or clusters, with satel-
lites being any other group member. Inner satellites are defined as satellites
within 0.1 virial radii (projected) of their central. At a fixed σ c, satellites are
more frequently quenched than centrals, with inner satellites being more fre-
quently quenched than the general satellite population. This effect is much
more pronounced at low σ c, and disappears entirely at σ c > 250 km s−1.
frequently passive than the general satellite population. This effect
is significantly more pronounced at low central velocity dispersions,
and disappears entirely by σ c > 250 km s−1.
Central galaxies have a 50 per cent chance of being quenched at
an average central velocity dispersion of σ c = 140 ± 5 km s−1, with
satellites achieving a 50 per cent quenched fraction at a significantly
lower central velocity dispersion of σ c = 90 ± 5 km s−1. Interest-
ingly, inner satellites are always more than 50 per cent quenched
in every central velocity dispersion range we consider, down to at
least the spectroscopic resolution of ∼70 km s−1.
The higher frequency of quenched satellite and inner satellite
galaxies at low central velocity dispersions, relative to centrals,
suggests that environmental processes are important in the quench-
ing of these systems (as argued for in, e.g. Baldry et al. 2006; van
den Bosch et al. 2008; Peng et al. 2010, 2012). For centrals, the very
low fraction of quenched systems at low central velocity dispersion,
and steep rise in probability of being quenched out to higher central
velocity dispersions, is qualitatively consistent with quenching from
AGN feedback (in either the radio or quasar mode, e.g. Croton et al.
2006; Hopkins et al. 2008). This is due to the observed MBH–σ rela-
tion (e.g. McConnell & Ma 2013; Saglia et al. 2016), and the strong
dependence of AGN-driven quenching on supermassive black hole
mass in most models (e.g. Henriques et al. 2015; Schaye et al.
2015). However, given the many intercorrelations between galaxy
properties, it is not yet established which, if any, galaxy property
is truly fundamental to central galaxy quenching, and hence which
physical mechanism(s) are the most probable cause.
Due to the observed differences in the quenched fraction relation
with central velocity dispersion between central and satellite galax-
ies, we consider each of these populations separately throughout
our analyses in the following results sections.
5 R E S U LT S F O R C E N T R A L S
5.1 The relationship between quenched fraction and central
velocity dispersion, at fixed stellar mass, halo mass and galaxy
structure
Correlation does not imply causation; thus, we must be cautious of
claiming a physical connection between central velocity dispersion
and the quenching of central galaxies. One simple test is to deter-
mine whether or not the fQuench–σ c relation is still evident when
other galaxy properties are held constant, and additionally to ex-
plore the corollary, of whether or not, e.g. the fQuench−M∗, Mhalo
and B/T relations are still evident when σ c is held constant. The
left-hand column of Fig. 3 shows the fQuench–σ c relation for central
galaxies, in fixed ranges of (from top to bottom): Mhalo, M∗ and
B/T. Varying the halo mass or stellar mass of galaxies at constant
central velocity dispersion (by even three orders of magnitude) has
very little impact of the fraction of quenched galaxies. Furthermore,
the fQuench–σ c relationships at fixed ranges in stellar or halo mass
(shown as coloured lines, labelled by the colour bar) are almost
identical to the unbinned relationship (shown in black). B/T, on
the other hand, does lead to a significant impact on the fraction of
quenched galaxies at a fixed σ c (bottom-left panel). This notwith-
standing, the fQuench–σ c relation does remain evident and steep, even
for a constant range in galaxy structure (B/T).
The right-hand column of Fig. 3 shows (from top to bottom) the
relationship between quenched fraction and halo mass, stellar mass
and B/T structure. The unbinned relations are shown in black and the
relations at constant central velocity dispersion are shown in varying
colours (labelled by the colour bar). For both halo and stellar mass,
the positive relationship with quenched fraction in the unbinned case
is entirely transformed when binned by central velocity dispersion.
There is in fact no evidence for a positive correlation between
the fraction of quenched centrals and their total stellar mass or
the mass of their dark matter haloes, at constant central velocity
dispersion. Moreover, in some σ c ranges there is even evidence
for an anticorrelation between quenched fraction and mass in stars
or halo. Thus, it is highly unlikely that either halo mass or stellar
mass can be causally related to the quenching of central galaxies,
given that their correlations with the quenched fraction are entirely
dependent on a third quantity, namely central velocity dispersion.
In the bottom-right panel of Fig. 3, we find a residual dependence
of quenched fraction on B/T structure, even at fixed central velocity
dispersion. However, this is mostly evident at low B/T and at low
central velocity dispersion, where our measurements of the pressure
supported kinematics are most uncertain. Furthermore, the effect on
the quenched fraction of varying σ c at fixed B/T (bottom right) is
significantly larger than the other way around (bottom left). Thus,
both B/T and σ c affect the quenched fraction of central galaxies
at fixed values of the other parameter, but σ c has a larger impact
on quenching than B/T. We discuss the possible meaning of these
results in the discussion, including a comparison to simulations (see
Section 6).
5.2 Area statistics approach
5.2.1 Method
In the previous subsection, we investigate the fQuench–σ c relationship
at fixed values of several other galaxy properties, and make some
general inferences from the structure of these plots. However, it is
desirable to be more quantitative about this process. One potential
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Figure 3. The quenched fraction dependence for central galaxies on: left-hand column – central velocity dispersion, subdivided (from top to bottom) by group
halo mass, total stellar mass, and bulge-to-total stellar mass ratio (B/T); right-hand column – group halo mass, total stellar mass, and B/T, each subdivided by
central velocity dispersion. The black lines shows the unbinned relationships, with the coloured lines showing the relationships at fixed values of the quantities
indicated in the colour bar. Varying stellar or halo mass at fixed central velocity dispersion leads to essentially no impact on the quenched fraction (top-left
panels), whereas varying central velocity dispersion at fixed stellar or halo mass dramatically affects the quenched fraction (top-right panels). Both σ c and B/T
affect the quenched fraction at fixed values of the other parameter; however, the affect on the quenched fraction of varying σ c at fixed B/T is larger than the
other way around. The shaded colour regions represent the 1σ error on the quenched fraction computed via the jack-knife technique.
issue with the fixed variable approach of Section 5.1 is how to
choose the range in each parameter to set fixed. We solve this
issue here by first binning the data by one variable (e.g. σ c) and
then sorting the data by a secondary variable (e.g. Mhalo). We then
construct the weighted quenched fraction for percentile ranges of
the second variable at each bin in the first variable. For example,
for our fiducial definition (Area50) we compute the area contained
within the passive fraction computed for upper and lower 50 per cent
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of the data in the secondary variable, for each value of the primary
variable. This requires no a priori bin structure, and moreover always
utilizes 100 per cent of the data available in assessing the quenched
fraction dependence, i.e. it is much less sensitive to outliers than the
fixed binning approach where some bins may contain only a few
per cent of the data. Another weakness of the qualitative approach
of Section 5.1 is that we can identify which parameter is more
important to quenching, but not by how much or at what confidence
level. To combat this, we use our new percentile range quenched
fraction plots to construct two new statistics.
First, we define the area contained within the quenched fraction
relationship between upper and lower percentile ranges as
Area = 1
α
∫ αmax
αmin
∣∣∣fQ(α|β(upp)) − fQ(α|β(low))∣∣∣ dα, (8)
where α indicates the primary variable (i.e. the x-axis of the
quenched fraction plot) and β indicates the secondary variable,
i.e. the variable we sort by to obtain the percentile ranges of the
quenched fraction, fQ (which we have abbreviated from fQuench). For
example, in the top-left plot of Fig. 4, α = σ c and β = Mhalo. The
top-right plot swaps these variables around. A larger area for vary-
ing β at fixed α than the other way around indicates that variable
β is more constraining of the quenched fraction than variable α.
The error on the area statistic is computed by adding in quadrature
the positive and negative errors on the upper and lower percentile
range (respectively), which are themselves constructed by convolv-
ing the jack-knife 1σ statistical error on each binning over the full
range in the primary variable (α = αmax − αmin). Note that the
areas are defined to be positive due to the modulus in the definition.
Thus, they give a prescription for ascertaining which parameter out
of a set of two is more constraining of the quenched fraction, but
they do not determine whether the impact on the quenched fraction
is positive or negative. In all plots and tables, the area statistics are
quoted for upper and lower 50 per cent binnings, i.e. it is in effect
Area50 which we show. We recover qualitatively similar results for
all reasonable definitions, e.g. upper and lower 25 per cent which is
shown as a light shaded region on each area statistic plot (see, e.g.
Figs 4 and 5).
We define another statistic which is sensitive to the directionality
of the dependence (i.e. whether increasing a given parameter at fixed
values of another parameter increases or decreases the quenched
fraction). This statistic is weighted by the number of data points in
each range. Thus, we define the weighted average difference as
Avg = 〈fQ〉 =
∑
i
(
fQ(αi|β(upp)) − fQ(αi|β(low))
)
× Ni∑
i Ni
, (9)
where α and β are defined as before, and Ni is the number of
galaxies in each α-binning. Note that this statistic can be positive
or negative, depending upon how variable β impacts the quenched
fraction at fixed values of variable α. The errors on 〈fQ〉 are
computed in exact analogy to the errors on the area statistic. The
area statistic can be used to determine which variable leads to the
tighter quenched fraction relationship for each row in the area plots
(e.g. Figs 4 and 5), and the weighted average difference gives the
directionality of the trend (positive or negative). As with the area
statistic, all average differences are quoted for upper and lower
50 per cent of the secondary variable across the range in the primary
variable.
In Appendix A a set of examples are given, demonstrating how the
area statistics approach works on simulated data. This is intended
to build intuition with the approach, and we recommend reading
this appendix before continuing with the results sections. At this
point we reintroduce the observational data, and construct areas and
average differences for a number of interesting physical parameter
pairings for centrals.
5.2.2 Results for centrals
In Fig. 4, we reproduce our results in Fig. 3 for the area statistics ap-
proach (see above and Appendix A). The left-hand column shows
the fQuench–σ c relation, split by percentile ranges in (from top to
bottom): halo mass, stellar mass and B/T structure. The right-hand
column shows the quenched fraction relationship with (from top to
bottom): halo mass, stellar mass and B/T structure, each split by per-
centile ranges in σ c. This plot should be read by rows. The solid red
and blue shaded regions represent upper and lower 50 per cent of the
data in the β-variable, respectively (see equations 8 and 9), with the
semi-transparent shading indicating the upper and lower 25 per cent
of the data in the β-variable. The areas are considerably smaller for
parametrizing quenching as a function of central velocity dispersion
than for stellar mass, halo mass or B/T. This indicates that quench-
ing depends more fundamentally on central velocity dispersion than
any of these alternatives, for central galaxies. Additionally, the av-
erage difference is always positive for varying the central velocity
dispersion at fixed other galaxy properties. These results are highly
significant, typically >4σ , where the error is constructed by con-
volving the individual jack-knife error on each bin and adding in
quadrature the positive and negative contributions (for red and blue
shadings, respectively).
In Fig. 5, we investigate three more cases: bulge mass, disc mass
and overdensity at the fifth nearest neighbour (δ5). Here, again we
find by far the smallest areas for central velocity dispersion acting
as the primary variable, than for any of the other cases. Central ve-
locity dispersion performs significantly better than even bulge mass
(top row), which was previously found to outperform the rest of
the variables considered in this work (Bluck et al. 2014). The case
of disc mass is especially interesting, because increasing its value
at fixed central velocity dispersion lowers the quenched fraction,
and furthermore leads to the highest area at fixed central velocity
dispersion from this set of variables. This also explains the slight
negative trend seen with stellar mass, and (at least partially) the
positive trend seen with B/T. Whilst the dominant correlator to the
quenched fraction, σ c, drives quenching (i.e. always leads to posi-
tive increases of the quenched fraction at fixed other galaxy prop-
erties), information about the disc structure in some sense ‘resists’
quenching.
Given that disc mass and D/T (=1 – B/T) correlates with gas mass
and gas fraction (e.g. Saintonge et al. 2011; Maddox et al. 2015),
it is likely that these variables give information on what remains to
be quenched in a given galaxy, and hence how much work must be
done to quench it. Alternatively, central velocity dispersion (which
is known to correlate strongly with dynamically measured MBH)
likely gives information regarding the available energy to do work
quenching the system. In any case, if the quenching of central
galaxies is to be parametrized by a single variable, central velocity
dispersion is by far the best choice out of our set of parameters (in
agreement with a complementary analysis via ANN performed in
Teimoorinia et al. 2016, and also in agreement with a smaller set of
comparisons made in Wake et al. 2012). The results for all areas and
average differences in the quenched fraction, for each combination
considered here, are presented in Table 1. We discuss the possible
meaning of these results further in the discussion (Section 6).
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Figure 4. Area statistics plots for centrals (1). The left-hand column shows the fQuench–σ c relationship, divided from top to bottom by halo mass, stellar mass,
and B/T structure. The right-hand column shows the quenched fraction relationships with (from top to bottom): halo mass, stellar mass, and B/T, each split by
central velocity dispersion range. This is a similar plot to Fig. 3, but instead of splitting by fixed values of each parameter, here we divide the quenched fraction
relationship into percentiles of the secondary variable, at fixed values of the primary variable (as indicated on each plot). We find tighter correlations between
the quenched fraction and central velocity dispersion than with halo mass, stellar mass or B/T structure. The area contained within, and the mean difference
between upper and lower 50th percentiles are shown on each plot, with errors computed via convolving the jack-knife errors from each binning. The statistical
improvement of parametrizing the passive fraction with σ c (over Mhalo, M∗ or B/T) is highly significant.
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Figure 5. Area statistics plots for centrals (2). The left-hand column show the fQuench–σ c relationship, divided from top to bottom by bulge mass, disc mass,
and overdensity at fifth nearest neighbour (δ5). The right-hand column shows the quenched fraction relationships with (from top to bottom): bulge mass, disc
mass, and δ5, each split by central velocity dispersion range. We find significantly tighter correlations between the quenched fraction and central velocity
dispersion than with bulge mass, disc mass or δ5. Furthermore, we find that increasing disc mass at fixed values of central velocity dispersion decreases the
quenched fraction (blue regions lying above red regions), whilst increasing central velocity dispersion at fixed values of all of the other parameters always
leads to a significant positive effect on the quenched fraction (red regions lying above blue regions). The area contained within, and the mean difference
between upper and lower 50th percentiles are shown on each plot, with errors computed via convolving the jack-knife errors from each binning. The statistical
improvement of parametrizing the passive fraction with σ c (over Mbulge, Mdisc or δ5) is highly significant.
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Table 1. Summary of area and mean difference statistics for centrals (taken
from Figs 4 and 5).
[α, β] Area 〈fQ〉
[σ c, Mhalo] 0.03 ± 0.01 +0.02 ± 0.01
[Mhalo, σ c] 0.25 ± 0.01 +0.25 ± 0.01
[σc,M∗] 0.03± 0.01 −0.01 ± 0.01
[M∗, σc] 0.27 ± 0.02 +0.27 ± 0.01
[σ c, B/T] 0.20 ± 0.01 +0.20 ± 0.01
[B/T, σ c] 0.35 ± 0.03 +0.35 ± 0.01
[σ c, Mbulge] 0.06 ± 0.01 +0.06 ± 0.01
[Mbulge, σ c] 0.22 ± 0.01 +0.22 ± 0.01
[σ c, Mdisc] 0.10 ± 0.01 −0.10 ± 0.01
[Mdisc, σ c] 0.49 ± 0.01 +0.49 ± 0.01
[σ c, δ5] 0.04 ± 0.02 +0.04 ± 0.02
[δ5, σ c] 0.57 ± 0.03 +0.57 ± 0.03
Note. α and β are defined as in equations (8) and (9), they correspond to
the x-axis variable and the percentile (colour) variable in Figs 4 and 5,
respectively.
6 W H AT QU E N C H E S C E N T R A L G A L A X I E S ?
In Section 5, we have demonstrated that the fraction of quenched
galaxies is more accurately constrained by central velocity disper-
sion, than by halo, stellar, bulge or disc mass, bulge-to-total stellar
mass ratio (B/T) or overdensity of galaxies evaluated at the fifth
nearest neighbour (δ5). These observational findings are in agree-
ment with prior analyses of the role of central velocity dispersion in
quenching (e.g. Wake et al. 2012; Teimoorinia et al. 2016), and are
consistent with the strong dependence of central galaxy quenching
on surface mass density within 1 kpc (e.g. Cheung et al. 2012; Fang
et al. 2013; Woo et al. 2015; Lilly & Carollo 2016) and bulge mass
(Bluck et al. 2014; Lang et al. 2014; Omand et al. 2014). Further-
more, we find that varying local density, stellar, halo or bulge mass
at fixed central velocity dispersion leads to essentially no impact
whatsoever on the quenched fraction (even when these parameters
are varied by over three orders of magnitude). This fact has pro-
found implications for the mechanism(s) which can be responsible
for quenching centrals.
Given our results, it seems implausible that the quenching of
central galaxies can be governed by halo mass quenching, which
depends critically on the dark matter gravitational potential and
hence halo mass (e.g. Dekel & Birnboim 2006; Dekel et al. 2009,
Dekel & Burkert 2014; Woo et al. 2013). Additionally, conventional
‘mass quenching’ (Peng et al. 2010, 2012), which is parametrized by
stellar mass, is clearly not an optimal parametrization for quenching
of centrals. Furthermore, this suggests that stellar and supernova
feedback (both of which correlate primarily with mass in stars,
as the integral of the SFR over time) cannot be responsible for
central galaxy quenching. The lack of impact of local density on
the quenching of centrals at fixed central velocity dispersion further
implies that these systems are not being quenched via environmental
processes, which are thought to affect satellites more (see Section 7,
where we discuss satellites). Bulge mass is also clearly not the
most fundamental correlator to central galaxy quenching since it
exhibits little variation in the dominant fQuench–σ c relation, although
it does perform significantly better than any of the other parameters
considered in this work (see, e.g. Bluck et al. 2014; Teimoorinia
et al. 2016). However, there is at least one theoretically proposed
quenching mechanism which is perfectly consistent with our data.
The strong observed correlations between central velocity disper-
sion and dynamically measured supermassive black hole mass (e.g.
Ferrarese & Merritt 2000; McConnell et al. 2011; McConnell & Ma
2013; Saglia et al. 2016) offer an intriguing possibility to explain our
observational trends. In many (if not most) SAM and cosmological
hydrodynamical simulations quenching of central galaxies is gov-
erned by AGN feedback, in either the radio (e.g. Croton et al. 2006;
Bower et al. 2008) or quasar (e.g. Hopkins et al. 2008, Hopkins
et al. 2010) mode. In this paradigm, the mass of the black hole is the
key predictor of whether a central galaxy will be quenched or star
forming. In general, the probability that a galaxy will be quenched
(PQ) is proportional to the energy available to do the quenching,
above some activation threshold, thus
PQ = WQ − φact = EBH − φact, (10)
where WQ indicates the work done to the galaxy and halo to quench
star formation, and φact is the activation energy required to have
a measurable effect on the star-forming state of the galaxy. In the
model where AGN feedback provides this energy, the work can be
set equal to some coupling efficiency () multiplied by the energy
released in forming the black hole (EBH). Effectively  accounts
for energy lost to the Universe via radiation, and hence does not
impact the galaxy or halo.  may vary in value from 0 to 1, and
is poorly constrained at present. It may also ultimately turn out
to be dependent on the environment in which the galaxy resides,
particularly the temperature of the hot gas halo (e.g. Henriques et al.
2015).
Following the Soltan argument (Soltan 1982; Silk & Rees 1998;
Fabian 1999; Bluck et al. 2011), the total energy released in forming
a black hole is proportional to its mass:
EBH =
∫ z=zf
z=0
L(t)dt =
∫ z=zf
z=0
μc2
dMBH(t)
dt
dt, (11)
≈ 〈μ〉c2MBH (12)
where L(t) is the time dependent bolometric luminosity of the AGN,
and μ is the fraction of accreted matter converted into energy (often
estimated to be ∼0.1; Elvis, Risaliti & Zamorani 2002; Shankar,
Weinberg & Miralda-Escude 2009). Thus, the total energy avail-
able from AGN feedback to do work on a galaxy, quenching star
formation, is given by
WQ = 〈μ〉c2MBH, (13)
where all terms apart from MBH may be taken to be approximately
constant. Putting all of this together, and assuming that the proba-
bility of being quenched is approximately equal to the fraction of
quenched galaxies in a given population of galaxies, we recover (as
in Bluck et al. 2014)
fQuench ∝ MBH = f (σc) ∼ σαc (14)
with the last step inferred from observations. α is an observationally
determined coefficient, often found to be ∼4–5 (e.g. McConnell &
Ma 2013; Saglia et al. 2016). Therefore, in the general prescription
for AGN-driven quenching, the quenched fraction is predicted to
scale primarily with black hole mass and hence (observationally)
central velocity dispersion, which is essentially exactly what we
observe. To look at this in more detail, we explore two types of
AGN quenching models in the next subsection, and compare their
predictions to our observations.
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6.1 Comparison to a hydrodynamical simulation and SAM
6.1.1 Details on illustris and L-galaxies
In this subsection, we explore the predictions for central galaxy
quenching from a SAM and a cosmological hydrodynamical sim-
ulation. Specifically, we analyse the latest version of the Munich
model (L-Galaxies: Henriques et al. 2015; earlier versions: Cro-
ton et al. 2006; De Lucia et al. 2009; Guo et al. 2011) and the
Illustris simulation (Vogelsberger et al. 2014a,b). The details of
the simulation and model are given in the above references. Both
derive the properties of galaxies given theoretical prescriptions for
galaxy formation and evolution, in a cosmological setting. The SAM
constructs galaxies from an Markov Chain Monte Carlo (MCMC)
optimized set of free parameters applied to a coupled set of differ-
ential equations, modelling the physical processes that shape the
evolution of different baryonic components on a fixed dark matter
merger tree, from the Millennium Simulation (Springel et al. 2005).
Thus, L-Galaxies inherits the resolution limits from the Millen-
nium Simulation and hence does not populate haloes with galaxies
<109.5 M. Illustris probes the evolution of gas and dark matter to-
gether in a hydrodynamical simulation, and relies on semi-analytic
prescriptions only for the subgrid physics, typically for star forma-
tion and baryonic feedback. Both models quench massive central
and satellite galaxies via AGN feedback, and lower mass satellite
galaxies via environmental processes, such as ram pressure and tidal
stripping, and the lack of primordial infall.
More specifically, ‘mass quenching’ in L-Galaxies is driven by
radio mode feedback (e.g. Croton et al. 2006), with the probability
of a galaxy being quenched given by Henriques et al. (2015):
PQ ∼ ˙MBH = kAGN
(
Mhot
1011 M
)(
MBH
108 M
)
, (15)
where Mhot is the hot gas mass in the halo and MBH is the current
mass of the central black hole. kAGN is a free parameter to be fixed in
the model. The mass of the black hole in the model grows primarily
due to cold gas accretion triggered by merger events, and is propor-
tional to both the mass ratio of the merger and the cold gas mass of
the merger event. A fixed fraction of gas from the merger is chan-
nelled into the black hole, stars in the bulge and stars in the stellar
halo. The specific fractions are determined from an MCMC mini-
mization comparing to a variety of observational inputs, including
multi-epoch stellar mass functions. Mass growth from binary black
hole mergers and hot gas accretion is also included, but is subdom-
inant. Full details on the mass growth of black holes in L-galaxies
is given in Henriques et al. (2013, 2015).
In Illustris there are three types of AGN feedback implemented:
winds from the ‘quasar mode’, mechanical heating of the halo from
jets in the ‘radio mode’, and radiative heating and ionization of gas
around the supermassive black hole. Of these three mechanisms,
radio mode feedback is by far the most important mechanism for
quenching galaxies in Illustris. Full details on the methods for im-
plementing AGN feedback in Illustris are given in Sijacki et al.
(2007), Vogelsberger et al. (2013) and Torrey et al. (2014). Briefly,
in the radio mode prescription, the energy contained within a jet
induced bubble (Ebub) in the hot gas halo is given by
Ebub = μmc2δMBH, (16)
where μ is the radiative efficiency, i.e. the fraction of mass con-
verted to energy via black hole accretion, and m is the mechanical
efficiency, i.e. the fraction of released energy which goes into the
mechanical heating of the bubble, and hence halo. The bubble ex-
pands, shock heating the hot gas halo, and hence transferring its
energy into increased temperature of the halo. The black hole mass
growth, δMBH, is modelled via Bondi accretion
˙MBH ∝ M2BH ρgas, (17)
where ρgas is the density of gas around the black hole. The gas
density and sound speed are determined based on the nearest gas
particle neighbours which typically estimates gas properties on the
spacial scale of the gravitational softening (i.e. ∼1 kpc for Illustris).
The black hole growth is Eddington limited, and thus if the above
prescription yields super Eddington accretion rates, the growth is
taken as Eddington instead. Black hole mergers also contribute to
the growth of black holes in Illustris. The formation of the stellar
bulge and black hole are modelled quite independently in the Illus-
tris simulation and hence relations between these two components
may be taken as predictions rather than necessary consequences of
the implementation, unlike in many SAM. Full details on the pre-
scriptions for black hole growth in Illustris are given in Vogelsberger
et al. (2013, 2014a,b).
As with L-Galaxies, the radio mode AGN feedback prescription
in Illustris leads to a quenching probability which is primarily a
function of black hole mass, i.e.
PQ ∼ f (MBH). (18)
However, both models have additional dependences for AGN feed-
back: hot gas mass in L-Galaxies and gas density around the
black hole in Illustris. In the following subsections, we explore
the quenching predictions for central galaxies from L-Galaxies and
Illustris, and compare these to our observational results.
6.1.2 Estimating black hole masses for SDSS galaxies
In order to compare our observational results for the SDSS to the
predictions for central galaxy quenching from L-Galaxies and Illus-
tris, we first must estimate central supermassive black hole masses
for our observed galaxies. This is because black hole masses in the
models are a fundamental output of the catalogues, whereas central
velocity dispersions are not. The reason for this is that central ve-
locity dispersions span the intermediate range between what can be
modelled only via subgrid physical prescriptions and the processes
for which there is sufficient resolution to simulate the evolution di-
rectly. We estimate black hole masses using the well-known MBH–σ
relation (e.g. Ferrarese & Merritt 2000). Specifically, we use a new
parametrization from Saglia et al. (2016) for their full morphologi-
cal sample, calculating
log(MBH[ M]) = 5.25 × log(σc [km s−1]) − 3.77. (19)
This gives a formal scatter with 96 dynamically measured black hole
masses of 0.46 dex. This relation also leads to a significantly tighter
fit than the best parameterizations with bulge mass, bulge effective
radius or central stellar mass density. Moreover, dynamically mea-
sured black hole mass is much more tightly correlated with central
velocity dispersion than global galaxies properties, such as total
stellar mass and morphology, as well as for environmental proper-
ties, such as halo mass or local density (e.g. Hopkins et al. 2007).
Thus, in order to make comparisons with black hole masses in mod-
els and simulations, we use the (same) MBH–σ c scaling relation in
all cases.
Given our large sample size, and hence that we typically have
several tens of thousands of galaxies per bin in our analyses, the
statistical error on the black hole estimate will be negligible. How-
ever, issues from systematics in the MBH–σ c relation will likely
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Figure 6. The quenched fraction dependence on estimated black hole mass (right-hand panels) and, for comparison, halo mass (top left) and stellar mass
(bottom left). The black hole masses are estimated as a function of central velocity dispersion, using the scaling law from Saglia et al. (2016). Hence, these
plots are very similar in nature to Fig. 4. However, this parametrization allows for a more direct comparison with the model predictions, shown in Figs 9 and 10.
dominate the total error. For example, Kormendy & Ho (2013) and
Saglia et al. (2016) find that classical bulges and pseudo-bulges
exhibit very different MBH–σ c scaling laws, with different average
scatter. Additionally, McConnell & Ma (2013) find differences in
the scaling laws for ETG and LTG morphologies.
For our purposes here, the intent is merely to provide an estimate
of what given values of central velocity dispersion correspond to
in terms of central black hole mass, under the assumption that the
scaling law can be applied across the diverse set of galaxy types in
the SDSS. Thus, in general, the details of our comparison to models
will be scaling law dependent. However, we find for a variety of
reasonable choices of scaling law (including those which fit ETGs
and LTGs, and classical and pseudo-bulges separately) our final
results are almost identical, and hence our conclusions are robust
to uncertainties in the choice of scaling law parametrization. See
Appendix B for examples of different scaling laws and their impact
on our analysis.
In Fig. 6, we show the quenched fraction relationship with black
hole mass instead of central velocity dispersion, where the former
is estimated as a function of the latter. Additionally, we compare
in this figure the quenched fraction black hole mass relation to the
halo mass and stellar mass relations, using the area statistics tech-
nique (see Section 5). Although this exercise is done primarily to
facilitate comparison to models, it does also reveal some interesting
general features. As with central velocity dispersion, the quenched
fraction–black hole mass relation exhibits very little (if any) varia-
tion from changing stellar or halo mass. However, increasing black
hole mass at a fixed stellar or halo mass dramatically increases
the quenched fraction (compare rows in Fig. 6). The fraction of
quenched galaxies reaches 50 per cent at an estimated black hole
mass of MBH ∼ 2 × 107 M.
In Fig. 7, we show the stellar mass–halo mass relation for
observed SDSS and simulated L-Galaxies and Illustris galaxies.
The halo masses for each data set are given as the M200 virial
mass of the group or cluster. Hexagonal bins are coloured by the
mean value of supermassive black hole mass. For the simulated
data, black hole masses are taken as the subgrid output mass in
their respective catalogues. For SDSS galaxies, we estimate black
hole masses from central velocity dispersions (outlined above, see
also Appendix B). In general, there is a strong positive relation-
ship between stellar mass and halo mass for centrals but no dis-
cernible relationship for satellites. This is as expected, since the
mass of a satellite is not constrained tightly by its parent halo,
but the mass of a central is. Black hole masses increase with both
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Figure 7. The stellar mass–halo mass relation for SDSS (left), L-Galaxies (middle) and Illustris (right) galaxies. Each hexagonal bin is colour coded by the
average supermassive black hole mass of galaxies contained within the binnings (as indicated by the colour bar). The top row shows our results for central
galaxies, and the bottom row shows the results for satellite galaxies. Black solid lines show density contours for each case. Note the strong positive correlation
between halo and stellar mass for centrals, which is mostly absent for satellites. For central galaxies black hole mass increases as a function of both stellar and
halo mass (diagonal lines of constant mass), whereas for satellites black hole mass is primarily a function of stellar mass (horizontal lines of constant mass).
stellar and halo mass for centrals, but are primarily a function of
stellar mass alone for satellites. These features are qualitatively
similar between the observations and the models, however a de-
tailed look at Fig. 7 reveals many subtle differences. For example,
the ‘knee’ in the M∗−Mhalo relation for centrals is much more
pronounced in the observational data than in either L-Galaxies or
Illustris. Additionally the M∗−Mhalo relation for centrals is notice-
ably tighter in Illustris than in the observations, and much less
tight in L-Galaxies than in the observations or Illustris. For the
remainder of the analyses in this section, we focus on the quench-
ing of central galaxies in the models and how this compares to
observations.
6.1.3 Central galaxy quenching predictions from L-galaxies
& illustris
In Fig. 8, we show the z = 0.1 snapshot main-sequence relation for
L-Galaxies and Illustris, as contour plots. Given that the normaliza-
tion of the main sequence is offset between these two models and,
indeed, the observational data (see Fig. 1), a simple prescription for
defining quenched galaxies based on a fixed sSFR cut would be ill
advised. The solid green line indicates the median value of SFR at
each stellar mass, and it is very close to a linear relationship at low
stellar masses (M∗ < 1010 M). By fitting the median relationship,
we find that the straight line fit (shown as a blue dashed line on each
panel) fairly well describes the main-sequence relation, i.e. it goes
through the middle of the contours in each case. We then define a
quenched galaxy to lie at least one order of magnitude in SFR be-
low the main-sequence line, as with the observational data (this is
indicated by a red dashed line). In the models, passive galaxies have
arbitrarily low SFRs and hence, unaltered, would form a dilute ‘tail’
not visible as a concentrated peak in a contour plot. The reason the
passive population in the SDSS appears as a concentrated peak in
Fig. 1 is due to there being a minimum sSFR (=10−3 Gyr−1) used to
estimate the passive galaxies’ SFR in the Brinchmann et al. (2004)
SFR determination. We apply this same minimum sSFR threshold
in Fig. 8 to better compare with the observational data.
In Fig. 9, the dependence of central galaxy quenching on stellar
mass, halo mass and black hole mass is shown for the Illustris
simulation. An area statistics approach is used, as in Section 5.2.
There are strong correlations between the fraction of quenched
galaxies and each of these parameters. However, at fixed black
hole mass there is very little impact on the quenched fraction from
varying either stellar or halo mass (right-hand panels). Whereas,
at fixed stellar or halo mass there is a large positive effect on the
quenched fraction from varying black hole mass (left-hand panels).
This is as expected in the simulation, since central galaxies are
quenched primarily due to radio mode AGN feedback, which is
correlated directly with MBH, and only indirectly with M∗ and Mhalo.
These results may be compared to the equivalent plots for SDSS
galaxies (under the assumption of the Saglia et al. 2016 scaling law)
in Fig. 6.
The smaller areas and average mean differences from black hole
mass compared to stellar or halo mass agrees well with our obser-
vational findings (e.g. Fig. 6), indicating that quenching via AGN
feedback is at least consistent with our results. However, some of the
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Figure 8. The SFR–M∗ main-sequence relationship in L-Galaxies (left-hand panel) and the Illustris simulation (right-hand panel), both taken at the z = 0.1
snapshot. Solid green lines in each plot represent the median relation. The blue dashed lines show a linear fit to the median relation, at M∗ < 1010 M.
This fit is given for L-Galaxies by: log(SFR[ M yr−1]) = (0.84 ± 0.04) × log(M∗[ M]) − (8.2 ± 0.3); and for Illustris by: log(SFR[ M yr−1]) = (1.03 ±
0.06) × log(M∗[ M]) − (10.2 ± 0.7). Quenched galaxies are defined (as in the observational data, see Fig. 1) to lie one order of magnitude or greater below
the star-forming main sequence, indicated by a red dashed line. A minimum value of sSFR is applied as in the observational data, which is responsible for the
passive contour peaks.
details of the Illustris quenching prediction are different to the SDSS
data. In Illustris, 50 per cent of central galaxies are quenched at a
black hole mass of MBH ∼ 2 × 108 M, whereas in the observations
this occurs at a significantly lower mass of MBH ∼ 2 × 107 M. Fur-
thermore, the quenching of centrals in Illustris occurs more abruptly
than in the SDSS, with a noticeably steeper gradient on the fQuench–
MBH(σ c) relationship (compare Figs 9 & 6, right-hand panels). The
comparison of observational data with the Illustris simulation shows
that, although its implementation in the models may not be fully
accurate, the qualitative impact of AGN feedback is consistent with
the observations.
In Fig. 10, the dependence of central galaxy quenching on stel-
lar, halo and black hole mass is shown for the Munich SAM
(L-Galaxies), again using the area statistics prescription (see
Section 5.2). Although there are strong correlations between
quenched fraction and each of these galaxy properties, it is clear that
by far the tightest relationship is with black hole mass. This agrees
qualitatively with the observational findings of this work (see Sec-
tion 5 and Fig. 6). This trend, however, is even larger than witnessed
in the Illustris simulation, or in the observational data (especially for
stellar mass). In L-Galaxies, 50 per cent of centrals are quenched
at MBH ∼ 106 M, a significantly lower mass than in the SDSS
or the Illustris simulation. Furthermore, quenching is even more
abrupt in this model than in Illustris, which is itself more abrupt in
its quenching than observed in the SDSS. Part of the reason for this
may be that we are only estimating black hole masses (from central
velocity dispersion) and hence the dependence between black hole
mass and quenching may get stronger, and perhaps more steep, if
we had more direct means to measure black hole masses. However,
given that quenching is less abrupt in the hydrodynamical simula-
tion than in the SAM, it may also be that a more realistic description
of how the energy released from the black hole couples to the hot
gas halo may reduce the steepness of the dependence of black hole
mass on quenched fraction.
L-Galaxies also predicts a turnover in the way halo mass affects
central galaxy quenching at fixed black hole mass (Fig. 10, top-right
panel). At lower black hole masses increasing the halo mass leads
to a decrease in the quenched fraction; whereas, at higher black hole
masses, increasing the halo mass results in increasing the quenched
fraction. We do see a hint of this feature in the observational data
as well, for some scaling laws (see Appendix B, Fig. B3), but the
effect is significantly smaller than in the model. In the model, the
turnover is explained by the probability of a galaxy being quenched
depending on hot gas mass, which increases with increasing halo
mass. The comparison with observational data suggests that this
dependence may be too strong in the current implementation.
To summarize the model comparisons, the quenching of cen-
tral galaxies in Illustris and L-Galaxies are both significantly more
tightly constrained by black hole mass than stellar or halo mass.
Assuming the scaling relation of Saglia et al. (2016), we find the
exact same result in the SDSS observations. Thus, given that the
quenching of centrals in Illustris and in the Munich model is gov-
erned by radio mode AGN feedback, our observational results are
consistent with models that quench central galaxies via AGN feed-
back. However, the details of central galaxy quenching in both the
SAM and the hydrodynamical simulation disagree with several de-
tailed features of the observational data. Specifically, L-Galaxies
has too efficient quenching as a function of black hole mass (lower
average black hole mass, at a 50 per cent quenched fraction, than
observed), and Illustris has too inefficient quenching as a function
of black hole mass (higher average black hole mass, at a 50 per cent
quenched fraction, than observed).
6.2 Alternative explanations to AGN feedback & green valley
fraction test
The term ‘quenching’ is somewhat confusing, as it may refer to
either (or both) of (1) the process(es) which initially cause a galaxy
to depart the main sequence and progress towards being passive;
or (2) the process(es) which keep a galaxy passive, after its initial
cessation of star formation. If our purpose is to understand quench-
ing in the first definition, it is essential to measure the galaxy proper-
ties at the time of first quenching, not some arbitrary time later. This
is important because the evolution of galaxy properties with redshift
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Figure 9. The quenching of central galaxies in Illustris. The right-hand panels show the quenched fraction–black hole mass relation, subdivided by halo mass
(top) and stellar mass (bottom). The left-hand panels show the quenched fraction–halo mass (top) and stellar mass (bottom) relations, each subdivided by black
hole mass range. It is clear that the quenched fraction of central galaxies in Illustris is more accurately constrained by black hole mass than by halo or stellar
mass, in agreement with the observations.
can cause systematic differences in their values, which may align
with quenching and have no causal connection. For instance, the
size of a galaxy of a given mass evolves with redshift as (1 + z)−a,
where a ∼ 1 (e.g. Newman et al. 2012). This results in galaxies
which are quenched earlier in the history of the Universe having
smaller sizes for their masses, and hence higher central mass con-
centrations and presumably central velocity dispersions. Therefore,
it is possible that the observed strong correlation between quenched
fraction and central velocity dispersion is in some sense tautolo-
gous, when the size evolution is taken into account (as first argued
for in Carollo et al. 2013; Lilly & Carollo 2016).
It remains to be seen in detail if size evolution alone can lead to
the observed trends witnessed in this work. However, in this section
we consider a few cases from the literature which suggest that this
may not be the ultimate origin of the link between inner galactic
structure and quenching, and furthermore propose a test of this idea
using the green valley of the SDSS data. The problem arises because
in our sample of passive galaxies, most of the galaxies quenched
for the first time several billion years ago, when their properties
would have (potentially significantly) different values. The peak of
quenching in the Universe appears to be at z ∼ 1–2, given the sharp
decline in the SFR density over this epoch (e.g. Lilly et al. 1996;
Madau, Pozzetti & Dickinson 1998; Cucciati et al. 2012). Lang
et al. (2014) probed this redshift range using CANDELS1 data,
finding that the quenched fraction correlates more strongly with
bulge mass than total stellar mass or morphology (an equivalent
result at high redshifts to the low-redshift result of Bluck et al.
2014). This suggests that the requirement of a dense central region
for a galaxy to be quenched was in place at early cosmic times, and
hence likely contemporaneous to quenching (in the first definition).
Furthermore, the fact that galaxies are less bulge dominated for their
stellar masses, and hence more likely late-types morphologically, at
earlier cosmic times (e.g. Buitrago et al. 2013; Mortlock et al. 2013)
suggests that the importance of a large bulge structure for central
galaxy quenching cannot be the result of evolutionary systematics.
However, Barro et al. (2013, 2014) find evidence at high redshifts
(z ∼ 2–3) for a substantial population of star-forming galaxies with
highly compact cores, and high central velocity dispersions. Thus,
the relationship between quenching and central mass concentra-
tion (and hence central velocity dispersion and black hole mass)
may not come into place until more moderate redshift ranges. This
1 Cosmic Assembly Near-Infrared Extragalactic Legacy Survey.
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Figure 10. The quenching of central galaxies in the Munich model, L-Galaxies. The right-hand panels show the quenched fraction–black hole mass relation,
subdivided by halo mass (top) and stellar mass (bottom). The left-hand panels show the quenched fraction–halo mass (top) and stellar mass (bottom) relations,
each subdivided by black hole mass range. It is clear that the quenched fraction of central galaxies in L-Galaxies is more accurately constrained by black hole
mass than by halo or stellar mass. This trend is even more evident here than in the observations or in Illustris.
notwithstanding, they also find that a high fraction of these galaxies
(>30 per cent) are currently undergoing a luminous AGN phase,
which could be precisely the mechanism by which these galaxies
become passive at z∼ 1. At low redshifts, in the SDSS, Mendel et al.
(2013) performed a spectral decomposition of passive galaxies, into
recently and not-recently quenched systems. They find that the re-
quirement for galaxies to have a high Se´rsic index in order to be
quenched is equally true in the recently and not-recently quenched
sample, suggesting that a high central light/mass concentration is
achieved contemporaneously (or prior) to quenching and hence is
not an artefact of evolutionary systematics (e.g. Carollo et al. 2013;
Lilly & Carollo 2016).
In this work, we focus on SDSS data where we are limited
to z < 0.2, which is a requirement additionally of our desire to
measure accurate bulge–disc decompositions and central velocity
dispersions. Thus, we cannot probe the peak of quenching in the
Universe. However, with a few assumptions, we can investigate the
quenching of galaxies today. Assuming that galaxies in the green
valley are on a trajectory towards the quenched red sequence, and
that they spend in general only a small amount of time in transit
(∼1–2 Gyr), the fraction of galaxies entering the green valley at a
given time can be used as a proxy for the quenching fraction, i.e. the
recently quenched or to-be quenched fraction of galaxies in a given
population. These assumptions are consistent with recent observa-
tions (e.g. Schawinski et al. 2014). Moreover, we emphasize that
they only have to be true on average in that most galaxies are moving
in one direction (from blue to red) and most do so quickly relative to
the evolutionary changes of galaxies under consideration here, e.g.
size and structural evolution (with scaling times typically >3 Gyr
at late cosmic times).
Specifically, we define the green valley fraction, in analogy to the
quenched fraction (equation 7), as
fGV = wi/Vmax(−1.2 < SFR < −0.6)
wi/Vmax(SFR > −1.2) ≈
NGV
NMS + NGV , (20)
where the range of the green valley is indicated in Fig. 1, and repre-
sents roughly speaking the trough or valley between the dominant
blue and red peaks. The normalization of the green valley fraction
excludes passive systems and in this sense represents the fraction
of galaxies which have recently departed the main sequence at each
binning in galaxy properties. This statistic allows us to get a better
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Figure 11. Area statistics plot for green valley fractions. The right-hand panels show the green valley fraction as a function of central velocity dispersion,
split in the top panel by halo mass and in the bottom panel by stellar mass. The left-top panel shows the green valley fraction as a function of halo mass
and the left-bottom panel shows the green valley fraction as a function of stellar mass, each split by central velocity dispersion range. It is clear that varying
stellar or halo mass at fixed central velocity dispersion leads to very little difference in the green valley fraction, whereas varying central velocity dispersion at
fixed stellar or halo mass leads to a significant positive impact on the green valley fraction. Thus, central velocity dispersion is the most important variable for
quenching as well as quenched galaxies.
understanding of the first definition of quenching (outlined above),
i.e. which properties matter most when quenching first takes effect.
In Fig. 11, we compare halo mass, stellar mass and central ve-
locity dispersion as drivers of initial galaxy quenching, via an area
statistics technique applied to the green valley fraction. Here again,
we find that central velocity dispersion, and hence estimated black
hole mass (shown as an upper x-axis using the scaling law of Saglia
et al. 2016), correlate significantly tighter with the green valley
fraction than stellar or halo mass. This suggests that the formation
of a dense inner structure is important to quenching contemporane-
ously (or prior) to the initial onset of star formation cessation. Thus,
evolutionary systematics cannot fully explain the trends witnessed
in this work, in agreement with the conclusions of Mendel et al.
(2013).
For the second definition of quenching, which refers to the pro-
cess(es) which keep galaxies quenched, it is relevant to study the
properties of quenched galaxies at all epochs. Certainly at low red-
shifts, effectively all quenched central galaxies have high central ve-
locity dispersions and hence black hole masses, but not all quenched
centrals have high stellar or halo masses (see Figs 4 and 6). This
is also true of contemporaneously quenching galaxies in the green
valley (Fig. 11). Taken together, it is highly likely that the observed
tight correlation between central velocity dispersion and galaxy
quenching is causal in nature (as considered in Section 6.1), and
not an artefact of evolutionary systematics on the galaxy popula-
tion. However, a key test to this paradigm is still to be performed,
which involves measuring the redshift evolution in the quenched
fraction dependence on the various galaxy properties considered in
this work, which has to date been only partially realized (e.g. Barro
et al. 2013, 2014; Lang et al. 2014).
7 R ESULTS FOR SATELLI TES
Many prior studies have found evidence for the quenched fraction
of satellites exceeding that of centrals at a fixed stellar mass, partic-
ularly at lower stellar masses (e.g. Balogh et al. 2004; Cortese et al.
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Figure 12. The quenched fraction–central velocity dispersion relationship for satellite galaxies, divided by local density (δ5), mass ratio (μ∗), halo mass
(Mhalo) and groupcentric distance (Dcc), shown as colour bars. Each of the environmental parameters engender a significant perturbation on the fQuench–σ c
relation for satellites, unlike for centrals (see Figs 3 and 5). The impact of environment on quenching is clearly more pronounced at low central velocity
dispersions and is absent entirely at high values of σ c. The black line indicates the unbinned fQuench–σ c relation for central galaxies, shown for comparison.
The 1σ error from the jack-knife technique is shown as the shaded region for each binning in each plot.
2006; Moran et al. 2007; van den Bosch et al. 2007, 2008; Tasca
et al. 2009; Peng et al. 2012; Hirschmann et al. 2013; Wetzel et al.
2013; Bluck et al. 2014). Taken together, these studies additionally
find that the quenching of satellites depends on environmental pa-
rameters, such as local (over)density, halo mass, location within the
halo, galaxy clustering, and combinations of these parameters. This
is true both intrinsically and at a fixed stellar mass. However, in this
work we have found that stellar mass is not the most fundamental
parameter which governs the quenching of central galaxies (consis-
tent with several other studies, e.g. Wuyts et al. 2011; Cheung et al.
2012; Wake et al. 2012; Fang et al. 2013; Bluck et al. 2014; Woo
et al. 2015; Teimoorinia et al. 2016). This is important because the
aim behind binning at a fixed stellar mass is to effectively control
for the intrinsic drivers to quenching (the sole drivers for central
galaxies) before investigating what additional (most probably envi-
ronmental) processes quench satellite galaxies.
Although perhaps unlikely, it is possible that satellite galaxies are
quenched in the same way as centrals, but since the key parameter
for driving central galaxy quenching is central velocity dispersion
not stellar mass, this has not been witnessed in the literature. Some
credence to this idea comes from the morphology–density rela-
tion (e.g. Dressler 1980; Bamford et al. 2009; Tasca et al. 2009;
Cappellari et al. 2011), whereby galaxies are more bulge domi-
nated (and hence have higher central velocity dispersions) for their
stellar masses in denser regions of space. The only way to deter-
mine to what extent this explanation can account for satellite galaxy
quenching is to measure the dependence of satellite quenching on
environment at fixed central velocity dispersion.
7.1 Fixed binning approach
In Fig. 12, we show the quenched fraction–central velocity disper-
sion relationship for satellite galaxies, split by overdensity to the
fifth nearest neighbour (δ5), mass ratio (μ∗ = M∗,sat/Mhalo), halo
mass (Mhalo), and projected distance from the centre of the group or
cluster (Dcc = R/Rvir, where Rvir is the virial radius of the group). It
is evident that even at a fixed central velocity dispersion the quench-
ing of satellites depends significantly on these environmental pa-
rameters. The impact of environment on the quenching of satellites
is much more pronounced at lower central velocity dispersions and
disappears entirely at the highest central velocity dispersions probed
here. This suggests that satellites and centrals are quenched in the
same manner at high masses and central velocity dispersions (see
also Fig. 2), but satellites have additional routes to quenching at
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Figure 13. Area statistics plots for satellite galaxies. Each panel shows the fQuench–σ c relation for satellites, split by percentile ranges in each of the following
environmental parameters: local density (δ5), mass ratio (μ∗), halo mass (Mhalo) and groupcentric distance (Dcc). The area contained within the quenched
fraction evaluated at upper and lower 50 per cent of the environmental variable, and the average difference in quenched fraction is shown on each plot. The
largest impact on satellite quenching at fixed central velocity dispersion is seen for local density, with halo mass and mass ratio performing jointly second best,
and groupcentric distance yielding the smallest perturbation on the fQuench–σ c relation.
Table 2. Summary of area and mean difference statistics for satellites (taken
from Fig. 13).
Rank [α, β] Area 〈fQ〉
1 [σ c, δ5] 0.20 ± 0.03 +0.14 ± 0.03
2= [σc, μ∗] 0.16 ± 0.03 −0.11 ± 0.02
2= [σ c, Mhalo] 0.15 ± 0.03 +0.10 ± 0.02
4 [σ c, Dcc] 0.10 ± 0.03 −0.8 ± 0.03
Note. α and β are defined as in equations (8) and (9), they correspond to the
x-axis variable and the percentile (colour) variable in Fig. 13, respectively.
low masses and low central velocity dispersions, which are strongly
correlated with environment.
For halo mass and local density, the plots for satellites in Fig. 12
can be compared to the equivalent plots for centrals in Figs 3
and 5. Central galaxies exhibit very little variation in their quenched
fraction at a fixed central velocity dispersion as a function of en-
vironment, whereas satellites do experience a significant boost in
their quenched fraction from increasing the mass or density of their
environments. These results are similar to what has been found
previously for fixed stellar mass, and hence confirms that environ-
mental effects are important in the quenching of satellites even at
a fixed central velocity dispersion, the parameter which is most
tightly correlated with the quenching of centrals. In low-density en-
vironments, low-mass haloes, high-mass ratios and large distances
from the centre of the group, the quenched fraction for satellites ap-
proaches that of centrals. This provides further evidence that what
differentiates centrals and satellites in their quenching is primarily
environment.
7.2 Area statistics approach
In this section, we follow the area statistics approach (see
Section 5.2), and apply this to satellites instead of centrals. In
Fig. 13, we show the quenched fraction–central velocity disper-
sion relationship for satellites, splitting in percentile ranges of δ5,
μ∗, Mhalo and Dcc. We find that there is a significant variation in the
quenched fraction at fixed central velocity dispersion from each of
these environmental parameters for satellites, unlike for halo mass
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Figure 14. The relationship between quenched fraction and overdensity (δ5), divided by percentile ranges in central velocity dispersion (left) and stellar mass
(right). The area and average difference statistics are shown on each plot. Central velocity dispersion affects the quenching of satellites significantly more than
stellar mass, at fixed environment (here probed by local density). This indicates that σ c is more important to control for when assessing the role of environment
in satellite quenching than M∗.
and local density in centrals (compare to Figs 4 and 5). The areas
contained within the upper and lower 50th percentiles in quenched
fraction, and the average difference in quenched fraction are shown
on each plot in Fig. 13.
Local density affects the quenched fraction of satellites more at
a fixed central velocity dispersion than any other environmental pa-
rameter considered in this work. Mass ratio and halo mass perform
similarly well to each other, ranking in the middle of the group in
terms of their impact on satellite galaxy quenching. Distance from
the centre of the group is the least constraining of the environmen-
tal parameters. These rankings are summarized, along with the area
and average difference results, in Table 2. These measurements pro-
vide new constraints to simulations and models of satellite galaxy
quenching through environmental processes, which will be consid-
ered in detail in an upcoming publication from this series (Bluck
et al., in preparation). Whatever quenches satellites must correlate
stronger with local density than mass ratio, halo mass or distance
from the group centre. One possibility is that local density is simply
a good average property, sensitive to both mass of, and location
in, the halo. However, it is also feasible that this result informs
us more directly about the quenching process, e.g. quenching by
galaxy–galaxy tidal harassment and stripping of the satellite’s hot
gas halo may be a more significant route to quenching than, e.g.
ram pressure stripping from the hot gas halo of the group (which
correlates primarily with halo mass and/or location within the halo).
It is interesting to note that the directionality of the trends are
clearly seen in Fig. 13. Increasing local density and halo mass both
lead to increasing the quenched fraction at fixed central velocity dis-
persion. This is seen as red shaded regions lying above blue shaded
regions, and values of fQ > 0 (left-hand panels). Increasing the
groupcentric distance and mass ratio both lead to a decrease in the
quenched fraction of satellites at fixed central velocity dispersion.
This is seen as blue shaded regions lying above red shaded regions,
and values of fQ < 0 (right-hand panels). These results are as
expected in the paradigm where environment quenches satellites.
Finally, in Fig. 14, we show the effect of varying central velocity
dispersion (left-hand panel) and stellar mass (right-hand panel) at
fixed local density, the environmental parameter which is found to
affect satellite galaxy quenching the most. Varying central velocity
dispersion at fixed local density affects the quenched fraction of
satellites significantly more than varying stellar mass. For brevity,
we only show the case with local density, but this trend is true for
all of the environmental parameters considered here. Thus, central
velocity dispersion is a more significant intrinsic parameter for the
quenching of satellites, than stellar mass. This confirms our prior
assumption that the parameter which matters most for central galaxy
quenching should be the intrinsic parameter which is most important
for satellite quenching. Therefore, in order not to overestimate the
impact of environment on satellite quenching, future studies must
fix the central velocity dispersion wherever possible, before making
an environmental comparison, or a comparison with central galaxies
in terms of quenching.
8 C O N C L U S I O N S
In this paper, we explore the dependence of central and satellite
galaxy quenching on a variety of physical galaxy and environmen-
tal properties. We start with a sample of ∼half a million SDSS
galaxies (80 per cent centrals and 20 per cent satellites) at z < 0.2.
We quantify the quenched fraction dependence on galaxy proper-
ties at fixed central velocity dispersion, which has previously been
found to be the tightest correlator to quenching for central galaxies
(Teimoorinia et al. 2016).
At a fixed central velocity dispersion, we find that satellite galax-
ies are more frequently quenched than central galaxies, with inner
satellites (within 0.1 virial radii of their centrals) being more fre-
quently quenched than the general satellite population (see Fig. 2).
This effect is more pronounced at lower central velocity disper-
sions and disappears entirely by σ c > 250 km s−1. Furthermore, the
fQuench–σ c relationship is steep for centrals, varying from ∼0.05 to
0.95 across the range we probe, and progressively less steep for
satellites and inner satellites. Qualitatively, this result is consistent
with central galaxies being quenched by AGN feedback, given the
tight observed relationships between central velocity dispersion and
black hole mass, and the dependence of AGN-driven quenching on
black hole mass in simulations and models. However, the quench-
ing of satellites and inner satellites cannot be driven by AGN feed-
back at low central velocity dispersion, suggesting that other (most
probably environmental) processes must be important in their
quenching when they depart from centrals at low masses.
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For central galaxies, we confirm the prior result that central ve-
locity dispersion is more predictive of quenching than any of the
following properties: stellar mass, halo mass, bulge mass, disc mass,
B/T structure and local density (δ5), e.g. Wake et al. (2012) and
Teimoorinia et al. (2016). Moreover, we find that varying stellar,
halo or bulge mass or local density (by even three orders of magni-
tude) has little if any effect on the quenched fraction at fixed central
velocity dispersion for centrals. This indicates that these parameters
cannot be causally connected to central galaxy quenching, which
provides powerful new constraints on the mechanism(s) which may
be responsible for causing quenching in these galaxies.
In Section 5.2, we develop a new technique for ascertaining and
quantifying the impact on quenching of varying one parameter at
a fixed other parameter. In particular, we define two statistics, the
area contained within the upper and lower 50 per cent range in the
quenched fraction from varying a secondary parameter at fixed first
parameter, and the average difference between quenched fraction at
upper and lower 50 per cent range. The former indicates the tight-
ness of the quenched fraction dependence on the primary variable,
and the latter additionally indicates the directionality of the trend.
For centrals, we find a strong positive effect on the quenched frac-
tion from varying central velocity dispersion at fixed values of all
of the other variables considered in this work. Most of the other
variables have little to no effect on quenching at fixed central veloc-
ity dispersion. However, B/T and disc mass do have a statistically
significant effect, although smaller in magnitude to central velocity
dispersion. This is most probably due to these parameters correlat-
ing with gas mass and hence being related to the amount of work
which needs to be done to quench the galaxy.
Given the lack of impact on the quenched fraction of halo mass
and stellar mass, it is highly improbable that either halo mass
quenching, stellar or supernova feedback can be responsible for
central galaxy quenching. However, the strong observed correla-
tions between central velocity dispersion and supermassive black
hole mass do present an interesting opportunity for explanation
of our results via AGN feedback. In Section 6, we compare the
quenching of centrals in Illustris and L-Galaxies to our observa-
tional (SDSS) results. In both models, the quenched fraction–black
hole mass relationship is significantly tighter than the stellar mass
or halo mass relation, qualitatively in agreement with observations.
However, we find a quenching threshold (defined as the black hole
mass at which 50 per cent of galaxies are quenched) of 106 M
in the Munich model and 2 × 108 M in Illustris, compared to
2 × 107 M in the SDSS (assuming the scaling law of Saglia et al.
2016). This suggests that quenching via AGN feedback may be too
efficient (as a function of black hole mass growth) in L-Galaxies
and too inefficient in Illustris, compared to local galaxies.
We also consider if evolutionary systematics (e.g. via size evo-
lution) can give rise to the observed tightness of the fQuench–σ c
relationship, without any causal connection. We perform a test us-
ing the green valley fraction (of quenching) galaxies. We find that
central velocity dispersion remains a significantly tighter correla-
tor to the quenched fraction than stellar or halo mass, even for
galaxies currently undergoing transformation in their star-forming
state. This implies that evolutionary systematics, which can affect
the quenched fraction, are not ultimately responsible for the depen-
dence of central galaxy quenching on central velocity dispersion
since this exists already in galaxies which are contemporaneously
quenching.
For satellites, we find that the environmental metrics we con-
sider (i.e. local density, halo mass, satellite–halo mass ratio, and
groupcentric distance) all have a significant effect on the quenched
fraction at fixed central velocity dispersion (see Section 7), unlike
for centrals which experience very little dependence on halo mass
or local density at fixed central velocity dispersion. Using the area
statistics approach we developed for centrals, we find that local
density engenders the most significant perturbation on the fQuench–
σ c relationship, followed jointly by halo mass and mass ratio, with
groupcentric distance leading to the smallest impact on quenching.
One possibility is that local density simply represents a good av-
erage quantity, sensitive to the mass of the group or cluster and
the location of the satellite within it. However, it is possible that
this ranking gives more direct information on what mechanisms are
likely responsible for satellite galaxy quenching. For example, if
galaxy–galaxy interactions dominate over galaxy–halo interactions,
this would naturally lead to similar results to what we observe.
In summary, we find the tightest correlation between quenched
fraction and central velocity dispersion for central galaxies, tighter
than for any other parameter considered in this work. Moreover, the
fQuench–σ c relationship is largely unaffected by varying other galaxy
parameters for centrals, whereas the quenched fraction dependence
on each of the other galaxy parameters is heavily affected by vary-
ing central velocity dispersion. The invariance of the dependence of
central galaxy quenching on central velocity dispersion with other
galaxy parameters suggests that this may be a causal relationship.
If so, it is most likely explained by AGN feedback given the ob-
served MBH–σ c relation. Furthermore, our observational results are
qualitatively in agreement with the predictions from a hydrodynam-
ical simulation and SAM, both of which quench galaxies via AGN
feedback in the radio mode. However, the details of our compari-
son do motivate further work in the implementation of quenching
in the model and simulation, since the former is too efficient in its
quenching and the latter is not efficient enough. Finally, we find that
central velocity dispersion is the most significant intrinsic parame-
ter for satellite quenching; although environment has a much larger
impact on satellites than centrals. Thus, additional quenching mech-
anisms are clearly needed for satellite galaxies over centrals, which
must be strongly related to environment, particularly local galaxy
density which performs best out of the environmental parameters
we consider.
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A PPENDIX A : A REA STATISTICS A PPROACH
EXA M P LE
To demonstrate how the area statistics approach works in practice,
we consider in this appendix a few simple cases to build intuition
with the technique. First, we consider a case where the probability
of a galaxy being quenched is proportional to some observable
variable, A. Hence
PQ ∝ A. (A1)
Additionally, variable A is correlated with another variable B, such
that
B = f (A) + γ ×R{−1 : 1}, (A2)
whereR{−1 : 1} indicates a random number between −1 and 1, and
γ is a coefficient related to the tightness of the relationship between
A and B, where higher values of γ lead to weaker correlations. In a
very simple case where A and B are both set to have values between
0 and 1, PQ and f(A) can be set directly equal to A. To illustrate
how our area statistics approach works, we generate a sample of
a million random values for parameter A, and determine whether
each case is ‘quenched’ or ‘star forming’ by a Monte Carlo method,
using the probability of being quenched given by A. We additionally
construct a million values of B, from A, using different thresholds
for the correlation parameter, γ .
In Fig. A1, left-hand panels, we show a contour plot of the con-
structed correlations between A and B, for γ = 0.2 (top) and 0.5
(bottom). In the middle panels, we show the quenched fraction rela-
tionship with A, and on the right-hand panels we show the quenched
fraction relationship with B, as solid black lines. When A and B are
highly correlated (top panels), the slope of the quenched fraction
relationship is comparable with each variable, so it is hard to tell a
priori whether it is ultimately A or B which affects quenching, or
some combination of both or neither. We then proceed with our area
statistics approach (in Section 5.2.1), by measuring the quenched
fraction at various percentile ranges of B at fixed A in the mid-
dle panels, and at various percentile ranges of A at fixed B in the
right-hand panels. We then measure the area and average fQ, as in
equations (8) and (9).
We find that the area is lower in both cases for the quenched frac-
tion as a function of A (Fig. A1, middle panels) than as a function of
B (Fig. A1, right-hand panels), which recovers our input result, that
Figure A1. Left-hand panels show contour plots of the relationship between simulated variables A and B for correlation parameter, γ = 0.2 (top) and 0.5
(bottom). The middle panels show the quenched fraction relationship with A, at fixed increasing percentile binnings of variable B. The right-hand panels show
the quenched fraction relationship with variable B, at fixed increasing percentile binnings of variable A. Both the area and the average difference between
quenched fractions (indicated on the plots) are larger for variable B acting as the primary variable than for variable A. This demonstrates that we can recover
the input dependence of quenching on variable A using our area statistics approach, for both highly correlated and weakly correlated cases (top and bottom,
respectively).
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the probability of quenching is determined by A not B. We also note
that the magnitude of the difference in area is also dependent on
the correlation parameter (γ ) and hence how tight the correlation
between A and B is. Tighter correlations lead to smaller areas in
general because the extent to which variable A can vary at fixed
variable B is limited. In this example, the areas and average differ-
ences are identical, because in this simple setup quenching depends
only on one variable, in a positive manner only. If, for instance,
quenching in our example depended on (1 − A) (instead of A), we
would find that Area ∼−〈fQ〉. If quenching depends on both A
and B equally, we would find equivalent areas for the middle and
right-hand panels, in each case of γ . For brevity, we do not show
all these examples here, but we mention them to add some further
intuition to our method.
A P P E N D I X B: TH E I M PAC T O F T H E C H O I C E
O F S C A L I N G LAW O N T H E MO D E L
C O M PA R I S O N S
In order to compare the dependence of central galaxy quenching on
supermassive black hole mass in models to observations, it is nec-
essary to estimate black hole masses for observed galaxies. Since
there are so few dynamically measured black hole masses in ex-
istence (∼100; Saglia et al. 2016) indirect means must be used.
Throughout the main body of the paper (particularly Section 6),
we use the fiducial MBH–σ relationship for all morphological types
presented in Saglia et al. (2016). This leads to our comparison with
models being scaling law dependent. In this section, we consider
how significant a source of systematic bias this is for our analysis.
McConnell & Ma (2013) find that galaxies with ETG morpholo-
gies exhibit a different scaling law to those with LTG morpholo-
gies. A part of the reason for this difference may come from the
fact that galaxies in their sample are not restricted to being face-
on. To test the potential impact on our results of adopting a dif-
ferent scaling law for ETGs and LTGs, here we relax our face-
on criterion and weighting scheme (presented in Section 2) and
fit galaxies with (B/T )∗ > 0.5 and (B/T )∗ < 0.5 with separate
laws, assuming that galaxies with a dominant stellar fraction in
a bulge component can be thought of as ETGs and those with
a dominant stellar fraction in a disc component can be thought
of as LTGs. Our results in this section are not particularly sensi-
tive to the exact cut in (B/T )∗. Specifically, we compute (from
McConnell & Ma 2013)
ETGs : log(MBH) = 5.20 × log(σc/200 km s−1) + 8.39 (B1)
LTGs : log(MBH) = 5.06 × log(σc/200 km s−1) + 8.07. (B2)
In Fig. B1, we reproduce the results in Fig. 6 using these different
scaling laws for different morphologies, and additionally allowing
all disc inclinations to enter our sample. The results are almost
identical between using a single scaling law for all galaxies (with a
face-on restriction and weighting, Fig. 6) and using separate scaling
laws for ETGs and LTGs (for the full sample of inclinations). It is
clear that estimated black hole mass is a much tighter correlator
with the quenched fraction than halo or stellar mass, as seen be-
fore. Even quantitatively the areas and mean difference statistics
(shown on each plot) are very similar, within their respective errors.
The only small difference is that the quenching threshold (black
hole mass at which 50 per cent of central galaxies are quenched)
increases slightly from ∼2 × 107 M (for a single scaling law) to
∼3 × 107 M (for separate ETG/LTG laws). This small change
leaves all of our conclusions unchanged.
In addition to the dependence of the scaling law on global mor-
phology, Kormendy & Ho (2013) and Saglia et al. (2016) both
find strong evidence that the dependence of dynamically measured
black hole mass on central velocity dispersion is much weaker for
pseudo-bulges than for classical bulges. The most common way
to identify a pseudo-bulge is by its low Se´rsic index. However, in
the bulge–disc decompositions of Simard et al. (2011) and Mendel
et al. (2014), which we use for our morphological measurements, a
fixed nS = 4 bulge model is used. This is because a free nS bulge
was found not to be supported by the data in most cases, making
the fits ultimately degenerate. It is, however, possible to identify
pseudo-bulges via other means.
In Fig. B2, we show the relationship between bulge mass (from
SED fitting to the bulge–disc decompositions) and central velocity
dispersion (from the width of absorption lines in the SDSS spectra).
At high bulge mass and central velocity dispersion, there is a strong
and steep correlation, as expected for classical bulges. At lower
bulge masses and central velocity dispersions, the correlation be-
tween Mbulge and σ c weakens and eventually disappears. This lack
of relationship between mass and velocity dispersion is exactly as
expected for pseudo-bulges. Additionally, in Fig. B2 we colour code
each hexagonal bin in the relationship by the average Se´rsic index
of the galaxy (for a free Se´rsic index fit in r band, performed in
Simard et al. 2011). Clearly, the classical bulges have higher values
of nS than the pseudo-bulges.
Using a cut of nS = 2 for the whole galaxy to separate likely
pseudo-bulges from the classical bulge sample, we recompute the
black hole masses using the separate scaling laws for classical
bulges and pseudo-bulges in Saglia et al. (2016). As with our (B/T )∗
cut above, the exact threshold in Se´rsic index does not significantly
affect the results. Specifically we compute
Classical : log(MBH[ M]) = 4.87 × log(σc [km s−1]) − 2.83
(B3)
Pseudo : log(MBH[ M]) = 2.13 × log(σc [km s−1]) + 2.53.
(B4)
In Fig. B3, we reproduce the results in Fig. 6 (and Fig. B1) this
time for separate scaling laws for classical and pseudo-bulges (as
advocated in Kormendy & Ho 2013; Saglia et al. 2016). Again
our results are almost identical to with the single scaling law in
Section 6. Black hole mass remains a much tighter correlator to
the quenched fraction than either halo or stellar mass. In fact, the
difference in areas actually increases a little in the rendering with
different scaling laws for different bulge types, compared to a single
average scaling law (Section 6). The quenching threshold remains
at ∼3 × 107 M, identical to Fig. B1 and slightly higher than in
Fig. 6.
In summary of this appendix, we find that our results and con-
clusions are highly insensitive to the exact rendering of the MBH–σ
scaling law used for comparison to the models in Section 6. Specifi-
cally, using different laws for early and late types, relaxing the face-
on inclination criterion, and fitting separately pseudo- and classical
bulges using the latest published results from the literature (e.g.
McConnell & Ma 2013; Saglia et al. 2016) lead to no significant
differences in any of our results. Hence, our comparison to Illustris
and L-Galaxies (in Section 6.1) is largely free of systematic bias
from our choice of scaling law parametrization.
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2584 A. F. L. Bluck et al.
Figure B1. Reproduction of Fig. 6 comparison of the relationship between quenched fraction and stellar, halo and black hole mass. For this figure, black hole
masses are estimated using separate scaling laws for ETGs and LTGs, for all inclination angles (as in McConnell & Ma 2013).
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Quenching of centrals and satellites 2585
Figure B2. Bulge mass–central velocity dispersion relation for SDSS galaxies. The hexagonal binned regions of this plot are colour coded by mean Se´rsic
index for the galaxy. Classical bulges are selected to have a steep correlation between bulge mass and velocity dispersion, and tend to have high Se´rsic indices.
Pseudo-bulges are selected to have a weak (or null) correlation between bulge mass and velocity dispersion, and tend to have low Se´rsic indices.
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Figure B3. Reproduction of Fig. 6 comparison of the relationship between quenched fraction and stellar, halo and black hole mass. For this figure, black hole
masses are estimated using separate scaling laws for classical and pseudo-bulges (as in Saglia et al. 2016).
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